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ABCG2/BCRP is an ATP-binding cassette transporter that extrudes compounds from cells in the intestine, liver, kidney, and
other organs, such as the mammary gland, affecting pharmacokinetics and milk secretion of antibiotics, anticancer drugs, and
other compounds and mediating drug-drug interactions. In addition, ABCG2 expression in cancer cells may directly cause resis-
tance by active efflux of anticancer drugs. The development of ABCG2 modulators is critical in order to improve drug pharmaco-
kinetic properties, reduce milk secretion of xenotoxins, and/or increase the effective intracellular concentrations of substrates.
Our purpose was to determine whether the anthelmintic triclabendazole (TCBZ) and its main plasma metabolites triclabenda-
zole sulfoxide (TCBZSO) and triclabendazole sulfone (TCBZSO,) inhibit ABCG2 activity. ATPase assays using human ABCG2-
enriched membranes demonstrated a clear ABCG2 inhibition exerted by these compounds. Mitoxantrone accumulation assays
using murine Abcg2- and human ABCG2-transduced MDCK-II cells confirmed that TCBZSO and TCBZSO, are ABCG2 inhibi-

tors, reaching inhibitory potencies between 40 and 55% for a concentration range from 5 to 25 pM. Transepithelial transport
assays of ABCG2 substrates in the presence of both TCBZ metabolites at 15 uM showed very efficient inhibition of the Abcg2/
ABCG2-mediated transport of the antibacterial agents nitrofurantoin and danofloxacin. TCBZSO administration also inhibited
nitrofurantoin Abcg2-mediated secretion into milk by more than 2-fold and increased plasma levels of the sulfonamide sul-
fasalazine by more than 1.5-fold in mice. These results support the potential role of TCBZSO and TCBZSO, as ABCG2 inhibitors
to participate in drug interactions and modulate ABCG2-mediated pharmacokinetic processes.

BCG2/BCRP is a described member of the ABC trans-

porter family, a group of proteins that transport certain
chemicals out of cells (29). These ABC drug efflux transporters
extrude a wide range of xenotoxins from cells in intestine, liver,
and other organs and thus affect the bioavailability of many
compounds and participate in drug-drug interactions. In ad-
dition, ABCG2 mediates secretion into the milk of its sub-
strates (both therapeutic and toxic), such as antibiotics, anti-
tumoral agents, carcinogens, or vitamins (31, 32). Recently, the
International Transporter Consortium has included ABCG2 in
the group of transporters that are clinically relevant (8). More-
over, the overexpression of ABC transporters has been associ-
ated with multidrug resistance (MDR), a major impediment to
successful cancer chemotherapy. Increasing interest has been
given to the development of inhibitors to overcome MDR and
to increase oral bioavailability and tissue penetration or to de-
crease milk secretion of its substrates (21, 28).

Some benzimidazole drugs, such as the anthelmintics albenda-
zole sulfoxide and oxfendazole and the antacid pantoprazole, have
been reported to interact with ABCG2 (3, 19). In the case of pan-
toprazole, its use as an ABCG2 inhibitor to improve plasma phar-
macokinetics and brain penetration of ABCG2 substrates has been
reported (2, 3). Triclabendazole (TCBZ) is a flukicidal haloge-
nated benzimidazole thiol derivative used for treating liver fluke
infections in livestock and is the drug of choice against human
Fascioliasis (6). The TCBZ parent drug is not detected in plasma
after its oral administration because it is rapidly metabolized into
its metabolites triclabendazole sulfoxide (TCBZSO) and tricla-
bendazole sulfone (TCBZSO,) (10) (Fig. 1). TCBZ and TCBZSO
have been shown to interact with other ABC transporters in vitro
(4); however, the interaction of TCBZ and its metabolites with
ABCG2 has not yet been investigated.
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In this paper, we studied whether TCBZ and its metabolites
(TCBZSO and TCBZSO0,) in vitro inhibit the ABCG2 transporter
in ATPase assays using ABCG2-enriched membranes and in
mitoxantrone (MXR) accumulation and transepithelial transport
assays using ABCG2-transduced cell lines. In vivo inhibition of the
transporter was assessed by studying the Abcg2-mediated effect of
TCBZSO coadministration on the secretion into milk of the anti-
bacterial agent nitrofurantoin and on plasma levels of the sulfon-
amide sulfasalazine using Abcg2 ™'~ and wild-type mice. Experi-
ments with murine Abcg2-transduced cells and mice are included
in this study, as mice are extensively used as experimental models
to study the transporter function in vivo.

MATERIALS AND METHODS

Reagents and drugs. Mitoxantrone, sulfasalazine, and nitrofurantoin
were purchased from Sigma-Aldrich (St. Louis, MO), danofloxacin was
purchased from Fluka Chemie (Buchs, Switzerland), TCBZ was pur-
chased from Sequoia Research Products (Pangbourne, United Kingdom),
TCBZSO and TCBZSO, were purchased from LGC Standards (Barcelona,
Spain), isoflurane (Isovet) was purchased from Schering-Plough (Ma-
drid, Spain), oxytocin (Oxiton) was purchased from Ovejero (Ledn,
Spain), and Ko143 was purchased from Tocris (Bristol, United Kingdom).
All the other chemicals were analytical grade and available from commer-
cial sources.
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FIG 1 Chemical structures of triclabendazole (TCBZ) and its metabolites
triclabendazole sulfoxide (TCBZSO) and triclabendazole sulfone (TCBZSO,).
The molecular weight (M.W.) for each compound is shown.

Animals. Animals were housed and handled according to procedures
approved by the Research Committee of Animal Use of the University of
Leén (Spain) and carried out according to the Principles of Laboratory
Animal Care and the European guidelines described in the EC Directive
86/609. The animals used were male or lactating female Abcg2™/~ and
wild-type mice, all of >99% FVB genetic background and between 9 and
13 weeks of age. Animals were kindly provided by A. H. Schinkel (The
Netherlands Cancer Institute, Amsterdam, The Netherlands), were kept
in a temperature-controlled environment with a 12-h-light/12-h-dark cy-
cle, and received a standard diet (Panlab; Barcelona, Spain) and water ad
libitum.

Cell cultures. MDCK-IT cells and their human ABCG2- and murine
Abcg2-transduced subclones were kindly provided by A. H. Schinkel (The
Netherlands Cancer Institute, Amsterdam, The Netherlands). Culture
conditions were as previously described (12, 23).

Transport studies. Transepithelial transport assays using Transwell
plates were carried out as previously described (19) with minor modifica-
tions. Transepithelial resistance was measured in each well using a Milli-
cell ERS ohmmeter (Millipore, Bedford, MA); wells registering a resis-
tance of 150 () or greater, after correcting for the resistance obtained in
blank control wells, were used in the transport experiments. The measure-
ment was repeated at the end of the experiment to check the tightness of
the monolayer. Experiments were performed using Opti-MEM medium,
a reduced serum medium that is a modification of Eagle’s minimum es-
sential medium, buffered with HEPES and sodium bicarbonate. Active
transport across MDCK-II monolayers was expressed by the relative
transport ratio, defined as the apically directed transport percentage di-
vided by the basolaterally directed translocation percentage, after 4 h (30).

ATPase assay. ABCG2-associated ATP hydrolysis was determined by
quantifying the release of inorganic phosphate (P;) with a colorimetric
assay with small modifications (1). Experiments were carried out in 96-
well microtiter plates (F96 MicroWell plates, nontreated; Nalge Nunc,
Rochester, NY). Plasma membrane vesicle preparations from isolated
mammalian cells containing human ABCG2 (BCRP-M-ATPase) were ob-
tained from Solvo Biotechnology (Budapest, Hungary) (9). Vesicles were
diluted in reaction volumes of 60 .l containing a protein concentration of
0.075 mg/ml in ice-cold phosphate release assay buffer (25 mM Tris-HCI
including 50 mM KCl, 3 mM ATP, 2.5 mM MgSO4, 3 mM dithiothreitol
[DTT], 0.5 mM EGTA, 2 mM ouabain, and 3 mM sodium azide) adjusted
to pH 7 at 37°C (1). Incubation of compounds and membranes was
started by transferring the plate from ice to a water bath kept at 37°C for 1
h and was terminated by rapidly cooling the plate on ice. The phosphate
release assays were performed in parallel in the presence of vanadate to
inhibit ABCG2 ATPase activity, and the vanadate values were subtracted
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from the measurements. At least two independent measurements in
plasma membrane vesicles were performed. Each independent experi-
ment consisted of one 96-well plate with two measurements.

Accumulation assays. In vitro accumulation assays were carried out as
previously described (23). Mitoxantrone (MXR; 10 uM) was used as a
fluorescent substrate. Relative cellular accumulation of MXR of at least
5,000 cells was determined by flow cytometry using a CyAn cytometer
(Beckman Coulter, Fullerton, CA). The fluorescence of the accumulated
substrate in tested populations was quantified from histogram plots using
the median of fluorescence (MF). Flow cytometry data were processed
and analyzed using SUMMIT version 4.3 software (Innovation Drive,
Fort Collins, CO). Inhibitory potencies of compounds were calculated as
previously described (23) in MDCK-II-ABCG2 or MDCK-II-Abcg2 cells
according to the following equation: inhibitory potency = (MF with
tested compound — MF without inhibitor)/(MF with Ko143 — MF with-
out inhibitor) X 100%.

Plasma levels of sulfasalazine. Sulfasalazine (20 mg/kg of body
weight) was intragastrically administered to wild-type and Abcg2 ™/~
male mice by oral gavage feeding in 4-h-fasted mice as a solution of 6%
ethanol, 42% PEG400, and 52% water. Oral administration consisted of
300 .l of solution per 30 g of body weight. TCBZSO (50 mg/kg) or the
vehicle (6% ethanol, 42% PEG400, and 52% water) was orally adminis-
tered 15 min before oral administration of sulfasalazine (20 mg/kg). Blood
was collected after 30 min of administration of sulfasalazine by cardiac
puncture after anesthesia with isoflurane. At the end of the experiment,
the mice were killed by cervical dislocation. Heparinized blood samples
were centrifuged immediately at 1,500 X g for 10 min, and collected
plasma was stored at —20°C until high-performance liquid chromatogra-
phy (HPLC) analysis. Between 4 and 7 animals were used for each exper-
imental group.

Milk secretion experiments. Pups of approximately 10 days old were
separated from their mother approximately 4 h before the start of the
experiment. Nitrofurantoin (5 mg/kg) was administered in the tail vein to
wild-type and Abcg2 /™ lactating female mice as a solution of 6% ethanol,
429% PEG400, and 52% water. The intravenous (i.v.) administration con-
sisted of 150 pl of solution per 30 g of body weight. TCBZSO (50 mg/kg or
100 mg/kg) or the vehicle (6% ethanol, 42% PEG400, and 52% water) was
administered intraperitoneally (i.p.) (500 pl of solution per 30 g of body
weight) 5 min before intravenous administration of nitrofurantoin. Oxy-
tocin (200 wl of a 1-IU/ml solution) was administered subcutaneously to
lactating dams in order to stimulate milk secretion 20 min after the ad-
ministration of nitrofurantoin. Blood and milk were collected 30 min
after substrate administration under anesthesia with isoflurane. Blood
was collected by orbital bleeding, and heparinized blood samples were
centrifuged immediately at 1,500 X g for 10 min. Milk was collected from
the mammary glands by gentle pinching. At the end of the experiment,
mice were subsequently killed by cervical dislocation. Collected plasma
and milk samples were stored at —20°C until HPLC analysis. Between 4
and 7 animals were used for each experimental group.

HPLC analysis. The chromatographic system consisted of a Waters
2695 separation module and a Waters 2998 UV photodiode array de-
tector.

The conditions for HPLC analysis of danofloxacin were modified ac-
cording to previously published methods (17, 18). Samples from the
transport assays were not processed, and 50 pl of the culture medium was
injected directly into the HPLC system. Separation of the samples was
performed on a reverse-phase column (Phenomenex Synergi 4-pm
Hydro-RP 80A). The mobile phase consisted of 25 mM orthophosphoric
acid (pH 3.0)-acetonitrile (75:25), the flow rate of the mobile phase was
set to 1.5 ml/min, and UV absorbance was measured at 278 nm. The
temperature of the samples was 4°C. Standard samples were prepared in
the appropriate drug-free matrix, yielding a concentration range from
0.02 pg/ml to 5 pg/ml.

The conditions for HPLC analysis of nitrofurantoin were modified
according to a previously published method (20). Samples from the trans-
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port assays were not processed, and 50 pl of the culture medium was
injected directly into the HPLC system. For the mouse samples of nitro-
furantoin, to each 50-pl aliquot of plasma or milk, 5 pl of furazolidone
(12.5 pg/ml) was incorporated as an internal standard and 50 .l of cold
methanol was added. Samples were shaken and kept at —20°C for 15 min,
the organic and water phases were separated by centrifugation at 16,000 X
¢ for 5 min, and 50 pl of the supernatant was injected into the HPLC
system. Separation of the samples was performed on a reverse-phase col-
umn (Phenomenex Synergi 4-pm Hydro-RP 80A). The mobile phase
consisted of 25 mM potassium phosphate buffer (pH 3)-acetonitrile (75:
25), the flow rate of the mobile phase was set to 1.2 ml/min, and UV
absorbance was measured at 366 nm. The temperature of the samples was
4°C, and the temperature of the column was 30°C. Standard samples in
the appropriate drug-free matrix were prepared, yielding concentration
ranges from 0.039 pg/ml to 5 wg/ml for transport samples, from 0.125
pg/ml to 4 pg/ml for plasma mouse samples, and from 0.0312 pg/ml to 4
pg/ml for milk mouse samples.

The conditions for HPLC analysis of sulfasalazine were modified ac-
cording to previously published methods (13). For the mouse samples of
sulfasalazine, to each 100- .l aliquot of plasma, 10 .l of probenecid (37.5
pg/ml in methanol) was incorporated as an internal standard and 300 pl
of methanol was added. Samples were shaken and kept at —20°C for 15
min, and the organic and water phases were separated by centrifugation at
1,500 X g for 2 min. The supernatant was collected in a new Eppendorf
tube and evaporated to dryness under a nitrogen stream. The samples
were resuspended in 100 wl of methanol and injected into the HPLC
system. Separation of the samples was performed on a reverse-phase col-
umn (Chemcobond 5-ODS-H, 5-m particle size, 4.6 by 250 mm). The
mobile phase consisted of 12 mM phosphate buffer containing 0.06%
tetrabutylammonium hydrogen sulfate (pH 7.4)-methanol (50:50), the
flow rate of the mobile phase was set to 1 ml/min, and UV absorbance was
measured at 260 nm. The temperature of the samples was 4°C, and the
temperature of the column was 40°C. Standard samples in the appropriate
drug-free matrix were prepared, yielding a concentration range from 0.04
pg/ml to 40 pg/ml. Integration was performed using Empower software
(Waters).

Statistical analysis. The two-sided unpaired Student t test was used
throughout to assess the statistical significance of differences between the
two sets of data. Results are presented as the means and standard devia-
tions (SDs). Differences were considered to be statistically significant
when P was <0.05.

RESULTS

Effect of TCBZ and its metabolites TCBZSO and TCBZSO, on
ABCG2 ATPase activity. To characterize the interaction of TCBZ
and its metabolites (TCBZSO and TCBZSO,) with ABCG2, drug-
stimulated ATPase activity in inside-out plasma membrane vesi-
cles from isolated mammalian cells containing human ABCG2
was measured by monitoring the phosphate release rate at pH 7
and 37°C. Figure 2 shows the rate of ABCG2 ATPase activity as a
function of compound concentration (log scale). Drug-stimu-
lated ABCG2 ATPase activity is expressed as a percentage of the
basal activity (taken as 100%). ABCG2 titration curves of the three
compounds showed typical bell-shaped curves previously ob-
served for P-glycoprotein (1), with activation at lower drug con-
centrations and clear inhibition at higher drug concentrations,
indicating an important interaction with the transporter. Maxi-
mum activity increases in the order of TCBZ to TCBZSO to
TCBZSO,, and the concentration of half-maximum inhibition in-
creases in the same order. The higher the half-maximum inhibi-
tion, the lower the inhibitory power of the compound. Note that,
in all cases, the inhibition in ABCG2 ATPase activity is achieved at
rather low concentrations. As has been seen for ATPase activity, all
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FIG 2 ATPase activity in inside-out plasma membrane vesicles as a function
of the compound concentration for ABCG2. The titration curves shown rep-
resent the averages of two to four measurements; standard deviations are

given. Curves are fits to the modified Michaelis-Menten equation proposed by
Litman et al. (16).

three compounds are probably effectively transported by ABCG2,
with the best activation curve being for TCBZSO,.

Mitoxantrone accumulation assays. To further study the
Abcg2/ABCG?2 inhibitory effect of the major plasma metabolites
TCBZSO and TCBZSO,, the ability of these compounds to reverse
the reduced mitoxantrone accumulation in murine Abcg2- and
human ABCG2-expressing cell lines was tested in flow cytometry
experiments. Abcg2/ABCG?2 inhibition with the model inhibitor
Ko143 increased the accumulation of mitoxantrone in Abcg2- and
ABCG2-transduced cells and thus increased the median of fluo-
rescence (MF) to levels similar to those in the parental cells.

Our results showed that the addition of TCBZSO or TCBZSO,
at different concentrations (0.01 to 25 wM; higher concentrations
were cytotoxic) (Fig. 3) increased, in a concentration-dependent
manner, the accumulation of mitoxantrone (10 wM) in Abcg2/
ABCG2-transduced cells. The strongest inhibitory potency for
TCBZSO was reached at 25 pM for murine Abcg2-transduced
cells (40%) and at 10 M in the human ABCG2-transduced cells
(55%). In the case of TCBZSO,, the strongest inhibitory potency
was reached at 25 WM for Abcg2-transduced cells and at 5 wM for
ABCG2-transduced cells, with values of 55% in both cases. All
these data indicate that TCBZSO and TCBZSO, are inhibitors of
Abcg2/ABCG2.

In vitro transport of nitrofurantoin and danofloxacin in the
presence of TCBZSO and TCBZSO,. To complete the character-
ization of the inhibitory behavior of the TCBZ metabolites on
Abcg2/ABCG2 using other assays and Abcg2/ABCG2 substrates,
we tested the effect of these compounds (15 wM TCBZSO and 15
uM TCBZSO,) on the Abcg2/ABCG2-mediated in vitro transport
of two known Abcg2/ABCG2 substrates, the antibacterial agents
nitrofurantoin (10 wM) and danofloxacin (10 wM). As has already
been reported (20, 26), we observed for nitrofurantoin (Fig. 4)
and danofloxacin (Fig. 5) that in the MDCK-II parental cell line,
apically and basolaterally directed translocations were similar
(Fig. 4A and 5A), but that in the Abcg2/ABCG2-transduced
MDCK-II cell lines, apically directed translocation was highly in-
creased and basolaterally directed translocation dramatically de-
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FIG 3 Effect of TCBZSO (A) and TCBZSO, (B) on accumulation of mitoxantrone (10 uM) at different concentrations in parent MDCK-II cells and in their
murine Abcg2- and human ABCG2-transduced derivatives. Cells were preincubated with or without Ko143 (1 uM). Results (units of fluorescence) are expressed
as the means of at least three experiments; error bars indicate SDs. In addition, inhibitory potencies of the different concentrations of the tested compounds for
Abcg2 and ABCG2 are represented at the top of each graph. Inhibitory potency was related to the effect of the reference inhibitor Ko143 (set at 100% inhibition

of Abcg2/ABCG2).

creased (Fig. 4D and G and 5D and G), since these drugs are
excellent Abcg2/ABCG2 substrates. When we added TCBZSO (15
puM) and TCBZSO, (15 wM) as inhibitors, apically directed trans-
location decreased and, subsequently, basolaterally directed trans-
location increased compared to the control situation without an
inhibitor in Abcg2/ABCG2-transduced cells (Fig. 4E, F, H, and I
and 5E, F, H, and I). Murine Abcg2-mediated transport was mod-
erately inhibited, and in the case of the human ABCG2, transport
was almost completely inhibited in both cases, with relative trans-
port ratios similar to those of the parental cells.

These results therefore showed that TCBZSO (15 pM) and
TCBZSO, (15 uM) very efficiently inhibit the Abcg2/ABCG2-me-
diated transport of antibacterial substrates such as nitrofurantoin
and danofloxacin.
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Effect of coadministration of TCBZSO on plasma levels of
sulfasalazine. To assess whether the in vitro Abcg2/ABCG2 inhib-
itory role of the major plasma metabolites TCBZSO and
TCBZSO, was also relevant in vivo, we studied the effect of the
coadministration of TCBZSO on plasma levels of the sulfonamide
sulfasalazine, a model ABCG2 substrate (35). Danofloxacin was
not used for these pharmacokinetic experiments because Abcg2
does not affect plasma levels of danofloxacin in mice (26), and
therefore, this antibacterial cannot be considered as an in vivo
model substrate to study Abcg2-mediated effects on plasma levels.

TCBZSO (50 mg/kg) or the vehicle was orally administered to
wild-type and Abcg2 ~/~ male mice 15 min prior to oral adminis-
tration of sulfasalazine (20 mg/kg), and plasma samples were col-
lected 30 min after sulfasalazine administration. The plasma con-
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FIG 4 Transepithelial transport of nitrofurantoin (10 wM) in parent MDCK-II (A) and in their murine Abcg2- and human ABCG2-transduced derivatives (D

and G) in the absence or presence of TCBZSO (15 uM) or TCBZSO, (15

wM). The experiment was started with the addition of nitrofurantoin to one

compartment (basolateral or apical). After 2 and 4 h, the percentage of drug appearing in the opposite compartment was measured by HPLC and plotted.
TCBZSO (B, E, and H) and TCBZSO, (C, F, and I) were present as indicated. Results are means, and error bars (sometimes smaller than the symbols) indicate
SDs (n = 3). @, translocation from the basolateral to the apical compartment; O, translocation from the apical to the basolateral compartment. r represents the
relative transport ratio (i.e., the apically directed translocation divided by the basolaterally directed translocation) at 4 h.

centration of sulfasalazine was more than 1.5-fold higher in wild-
type mice coadministered with TCBZSO than in control wild-type
mice (0.63 = 0.11 pg/ml versus 0.40 * 0.13 pg/ml, respectively;
P < 0.05) (Fig. 6A). No significant differences in plasma concen-
trations of sulfasalazine were observed with TCBZSO treatment in
the Abcg2 ™'~ mice (4.91 * 1.67 and 5.83 = 1.70 wg/ml for control
and TCBZSO-treated animals, respectively), indicating that the
TCBZSO effect is Abcg2 specific. Plasma concentrations of sul-
fasalazine in Abcg2 ™'~ mice were approximately 10-fold higher
than those in the wild-type animals (4.91 * 1.67 pg/ml versus
0.40 * 0.13 pg/ml, respectively) according to the results obtained
by Zaher et al. (35), confirming that this compound is a very good
in vivo substrate of Abcg2. We thus demonstrated that the coad-
ministration of TCBZSO affects oral plasma levels of sulfasalazine
through inhibition of Abcg?2 at the dosage used.

Effect of TCBZSO coadministration on plasma and milk lev-
els of nitrofurantoin. To further demonstrate an in vivo Abcg2/
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ABCG?2 inhibitory role of TCBZ metabolites in other relevant
drug-drug interactions and biological processes, the effect of the
coadministration of TCBZSO on the secretion into milk of the
antibacterial nitrofurantoin, an in vivo Abcg2/ABCG2 model sub-
strate, was studied. Nitrofurantoin transfer into milk has been
previously used as an experimental setting to test the in vivo effect
of ABCG2 inhibitors (21, 33).

TCBZSO (50 and 100 mg/kg) was administered i.p. to lactating
Abcg2 ™'~ and wild-type females 5 min prior to an intravenous
administration of nitrofurantoin (5 mg/kg). Thirty minutes after
nitrofurantoin administration, milk and blood were collected. No
significant differences were observed in plasma concentrations in
wild-type mice after coadministration of TCBZSO at both doses
(Fig. 6A). Plasma concentrations of nitrofurantoin in Abcg2 ™/~
mice were approximately 3-fold higher than those in wild-type
animals (1.70 = 0.71 versus 0.59 = 0.25 pg/ml, respectively; P <
0.05), confirming that this compound is a very good in vivo sub-
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FIG 5 Transepithelial transport of danofloxacin (10 wM) in parent MDCK-II (A) and in their murine Abcg2- and human ABCG2-transduced derivatives (D and
G) in the absence or presence of TCBZSO (15 wM) or TCBZSO, (15 uM). The experiment was started with the addition of danofloxacin to one compartment
(basolateral or apical). After 2 and 4 h, the percentage of drug appearing in the opposite compartment was measured by HPLC and plotted. TCBZSO (B, E, and
H) and TCBZSO, (C, F, and I) were present as indicated. Results are means, and error bars (sometimes smaller than the symbols) indicate SDs (n = 3). @,
translocation from the basolateral to the apical compartment; O, translocation from the apical to the basolateral compartment. r represents the relative transport
ratio (i.e., the apically directed translocation divided by the basolaterally directed translocation) at 4 h.

strate of Abcg2. The milk concentration of nitrofurantoin (Fig.
6B) was more than 2-fold lower in wild-type mice treated with
TCBZSO (50 mg/kg) (0.74 = 0.44 wg/ml) and more than 4-fold
lower in wild-type mice treated with TCBZSO (100 mg/kg)
(0.38 £ 0.18 pg/ml) than in control wild-type mice (1.61 = 0.53
pg/ml) (P < 0.05). No differences were observed after TCBZSO
treatment in Abcg2 ™'~ mice, indicating that the TCBZSO effect is
Abcg? specific. Consequently, TCBZSO inhibits Abcg2-mediated
secretion of nitrofurantoin into milk since the milk-to-plasma
ratio of this compound (Fig. 6C) was 3-fold lower in wild-type
mice treated with TCBZSO (50 mg/kg) (0.93 * 0.25) and almost
4-fold lower in wild-type mice treated with TCBZSO (100 mg/kg)
(0.75 £ 0.49) than in control wild-type mice (2.79 * 1.42) (P <
0.05).

Our results show that coadministration of TCBZSO inhibits
Abcg2/ABCG2-mediated secretion of nitrofurantoin into milk at
the dosage used.
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DISCUSSION

The concomitant administration of multiple drugs is often used in
pharmacotherapy and may affect their kinetics and pharmacolog-
ical activity. There is increasing evidence to suggest that interfer-
ence between drugs and ATP-binding cassette (ABC) proteinsis a
key mechanism underpinning clinically important drug interac-
tions (17). It is therefore of interest to study the potential effect
of the major active plasma metabolites of the widely used fas-
ciolicide TCBZ (TCBZSO and TCBZSO,) in drug interactions
with Abcg2/ABCG2 substrates affecting pharmacokinetics and
milk secretion. In this study, we have shown that TCBZSO and
TCBZSO, efficiently inhibit in vitro and in vivo ABCG2 trans-
porter activity by using different in vitro and in vivo assays with
different substrates.

In ATPase assays (Fig. 2), ABCG2 inhibition was observed for
all three compounds studied, TCBZ, TCBZSO, and TCBZSO,, at
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FIG 6 In vivo effect of TCBZSO coadministration. (A) Plasma concentra-
tions of sulfasalazine and nitrofurantoin in wild-type mice. TCBZSO (50
mg/kg) or the vehicle was administered orally to males 15 min prior to oral
administration of sulfasalazine (20 mg/kg). TCBZSO (50 or 100 mg/kg) or
the vehicle was administered i.p. to lactating females 5 min prior to i.v.
administration of nitrofurantoin (5 mg/kg). (B and C) Milk concentrations
(B) and milk/plasma ratios (C) of nitrofurantoin in wild-type and
Abcg2 ™/~ lactating females. TCBZSO (50 or 100 mg/kg) or the vehicle was
administered i.p. to mice 5 min prior to i.v. administration of nitrofuran-
toin (5 mg/kg). Plasma and milk were collected after 30 min of drug ad-
ministration and analyzed by HPLC. Results are means, and error bars
indicate SDs (n = 4 to 7). *, P < 0.05 (significant differences between
control and TCBZSO treatments in wild-type mice).

concentrations higher than 1 wM, with the strongest inhibition
observed in the case of TCBZ, the most hydrophobic compound.
Subsequent inhibition studies were performed with the major
plasma metabolites TCBZSO and TCBZSO,, since due to its high
metabolism, the TCBZ parent drug is not detected in plasma. In
mitoxantrone accumulation assays with a concentration range
from 5 to 25 uM, both compounds showed inhibitory potencies
between 40 and 55% for murine Abcg2/human ABCG2. Some
drugs considered to be good ABCG2 inhibitors showed 50% in-
hibitory concentrations (ICs,s) in the same range for the same cell
line (34): for lopinavir, 7.66 wM; for nelfinavir, 13.50 wM; for
saquinavir, 27.40 wM; and for delavirdine, 18.60 wM. For other
benzimidazole drugs considered to interact with ABCG2, such as
pantoprazole and omeprazole, the IC5ys were 13 wM and 36 pM,
respectively (3). Our concentration values with an inhibitory
potency close to 50% are in the same range as the plasma con-
centrations of the active metabolite TCBZSO that were re-
ported in humans (25 puM ~ 9.4 pg/ml) (5) and in veterinary
species (30 pM =~ 11.3 pwg/ml) (7) after treatment at the ther-
apeutic dose.

The Abcg2/ABCG2 inhibitory potential of the TCBZ metab-
olites was also confirmed for other known Abcg2/ABCG2 sub-
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strates, such as the antibacterial agents nitrofurantoin and
danofloxacin, in transepithelial transport experiments at a
concentration of 15 wM, showing a moderate inhibition for
murine Abcg2 and a complete inhibition for human ABCG2
(Fig. 4 and 5). The 15 wM concentration was chosen based on
the stronger inhibition observed in the mitoxantrone accumu-
lation assays for human ABCG2. Inhibition of the in vitro
transepithelial transport of both compounds at concentrations
of TCBZ metabolites below 15 uM could not be excluded. In-
hibition in transepithelial transport experiments can be ex-
pected as long as the concentration of the drug is higher than
the concentration at maximum activity in an ATPase assay (for
all three compounds, in the ABCG2 ATPase activity profiles,
the maximum activity was reported at around 1 uM) (27). The
similar inhibitory power of TCBZSO and TCBZSO, that was
observed in transport assays is due to the similar concentration
of half-maximum inhibition in ATPase assays (Fig. 2). Al-
though the interaction of these compounds with other ABC
transporters, such as P-glycoprotein, has been previously re-
ported (4), a lack of effect of these compounds on vectorial
transport in parental cells (Fig. 4A, B, and C and 5A, B, and C)
indicates that this interaction is probably ABCG2 specific in
our experimental setting. All these data indicate that both
TCBZ metabolites are good in vitro inhibitors of Abcg2/
ABCG2.

Furthermore, we demonstrated the relevance of the ABCG2
inhibition properties of these compounds in mice using two dif-
ferent ABCG2 substrates in two different pharmacokinetic pro-
cesses. Plasma levels of sulfasalazine and milk levels of nitrofuran-
toin (Fig. 6) were significantly affected by the coadministration of
TCBZSO only in wild-type animals, with no effect on Abcg2 ™'~
mice, indicating the Abcg2-specific effect. This effect is most likely
due not only to the inhibition exerted by TCBZSO itself but also to
that by its metabolite TCBZSO,. TCBZSO coadministration did
not affect nitrofurantoin plasma levels. Some authors have re-
ported local effects mediated by Abcg2 (fetal distribution and milk
secretion) but no differences in plasma systemic profiles between
wild-type and knockout mice for some substrates (24, 30, 36).
Unlike the nitrofurantoin experiment, there seems to have
been an Abcg2-mediated effect of TCBZSO coadministration
on plasma levels of sulfasalazine, since the difference in plasma
concentrations of this compound after oral administration be-
tween untreated Abcg2 ™/~ and wild-type mice was approxi-
mately 10-fold, whereas in the case of nitrofurantoin (i.v. ad-
ministration), it was only 3-fold, thus indicating a higher effect
of Abcg2 on the systemic disposition of sulfasalazine after oral
administration. In addition, the different routes of TCBZSO
administration (oral for the sulfasalazine experiment and in-
traperitoneal for the nitrofurantoin experiment) and/or the
gender or physiological status of the animals may influence the
TCBZSO inhibitory effect.

This in vivo interaction between drugs resulting in higher
plasma levels or lower secretion of the substrate into milk can be
applied not only to the substrates tested but also to other ABCG2
substrates. This finding is highly relevant considering that concur-
rent administration of different drugs is a usual clinical practice.
In addition, TCBZ is marketed in combination with other anthel-
mintics to improve efficacy, to broaden the spectrum of activity,
and to limit resistance emergence (4). Some of these drug combi-
nations include drugs, such as ivermectin (15) or oxfendazole
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(19), that are known to interact with ABC transporters. It will
therefore be of interest to further study the possible in vivo effect of
these TCBZ metabolites in the potential drug interactions with
other known Abcg2/ABCG?2 substrates in therapeutic target spe-
cies (humans and livestock).

ABCG2 inhibitors can be used in combination therapy with
substrates of the transporter in order to modulate their pharma-
cokinetics, brain penetration, milk secretion, and, thus, their effi-
cacy. Several studies have managed to increase the bioavailability
and milk secretion of antibacterial agents, such as nitrofurantoin,
or antitumorals, such as topotecan, or to improve brain penetra-
tion of the antitumoral imatinib with the use of ABCG2 and P-
glycoprotein inhibitors, such as elacridar, the benzimidazole pan-
toprazole, or isoflavones (2, 11, 14, 21, 25). However, it has to be
noted that the use of TCBZ for this purpose may be controversial
in animals whose products are destined for human consumption
or in areas of parasite endemicity due to the potential develop-
ment of resistance.

In addition, inhibitors of ABCG2 may be useful in other appli-
cation fields, e.g., for reversal resistance in chemotherapy (22).
Further studies are needed to show the application of these com-
pounds in this field.

In summary, in this study, we have shown clear in vitro and in
vivo interactions between the major plasma metabolites of TCBZ
and ABCG2. These compounds are excellent ABCG2 inhibitors,
and their relevance may be important for ABCG2-mediated drug-
drug interactions affecting drug bioavailability.
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